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DETERMINATION OF EQUATION-OF-STATE PARAMETERS FOR
"FOUR TYPES OF EXPLOSIVE*

Abstract

The detonation parameters of a nonaluminized slurry blasting agent) were

representative of each of four typos of determined experimentally by instrumented

commercial explosive (a mixture of cylinder and hemisphere tests. The

ammonium nitrate and fuel oil, commonly equation-of-state parameters for each of

called ANFO, a traditional stick dynamite, the materials were then calculated by

an aluminized slurry blasting agent, and a using the J-W-L equation of state.

I Introduction

The research described in this report explosives and blasting agents: 1) a mix-

is part of a program de•lopd• b', the ArnT lure of =n..n. n.itrante and fool oil

Corps of Engineers and funded by the (ANFO), 2) a stick-type dynamite, 3) a

National Science Foundation. The full nonaluminized, water-resistant blasting

program is directed toward the development acnt, and 4) an aluminized water-resistant

of blasting technology in general. It blasting agent.

includes hydrodynamic calculations of A survey of the current explosives

explosion effects, followed by testing at market was made, and the commercial products

experimental and full-scale levels. The that appeared most proisbing for our pur-

goal is to produce guidelines Zor blast-hole poses were selected, We performed experi-

burden and spacing, detonation timing, lift ments which consisted of making measurements

I height, and stemming specifications. on a detonating explosive charge of the

I TMe part of the pro-gram roport6d here sample material confined by a mass of

was done by the Organic Katerials Division metal. The data from these experiments

W(OID) of Lawrence Livermore Laboratory. were used in computer calculations to

The Corps of Ehnineers requested that OID determine the values of the parameters in

apply a suitable equation oF state to a suitable equation of state describing the

samples from four categories of commercial gaseous detonation products of each of the

four composi - explosives. The equation-

_ _of-state results were then used os input
*Prepared for the U.S. Army Corps of C
Engineers, with the support of the National or'hydrodynamic lalculations simulating

Science Foundation. blasting in rock environments.
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Available Explosives and Select on Criteria

The Army Corps of Engineers required or precisely in the laboratory. Often

tests on simples from four oatepories of there is minimal quall.ty control of the

explosive or blasting agent. They provided ingredients, so that purity and particle

two simple guidelines for choosing explo- size vary from lot to lot. The carbonaceous

aives within the four categoriest 1) a ingredients often vary in type, depending

* detonation pressure of 50 kbars or more upon availability and price, A company's

end 2) continuing availability of the of farings may substantially change from

material. We were given the responsibility year to year; in the recent past, toore

for evaluating the candidates and making products have been withdrawni from the

the final choices. market than have bean added. Often a prod-

In the survey of the market o! com- uct will keep the same brand name but will

mercial blasting agents and explosives, it vary in conposition from time to time.

was found that there is an abundance of Commercial establishments have

products: dry blasting agents, slurry universally designated Oheir explosive

blasting agents, slurry explosives, and formulations as proprietary and are reluc-

dynamites, packaged in every conceivable taut to give out such information. Since

way, from sausage casing to pump truck, this information was essential to our

The traditional nitroalycerin dynamite is study, some products had to be aliminatod

being phased out of production by most as candidates because formulation informa-

companies because of its expense and tion was not forthcoming. A list of all

hazardousness, currently available commercial explosives

Commercial blasting agents and explo- is given in the Appendix, Most companies

elves are formulated and packaged to do list some basic data other than ingredients

specialized jobs. Besides the well-known about their products: density, unconfined

mining "permissiblos," with their cooler detonation velocity at one diameter, bubble

flames and less noxious gases, there are energy or total energy, etc. This is

seismological blasting agents, some for included in the Appendix.

use under dry conditirns and others for The products used in this study were

wet conditions- there are small-diameter chosen for conform.ty to the Corps of

cylindars for presplitting (for either wet E'ngineers' requirements and for experi-

or dry situations). there are formulations mental feasi.bility, which entailed shot-

that resist deactivation duo to hipth bore- test reliability and reproducibilitv,

hole -ressure: there are formulations that homogeneous loading, and closeness to

are specifically for use in small-diameter "ideal" detonation beh:w'.or.

holes; there are formulations with long The criterion of ideal behavior

shelf-lives, deserves elaboration, Commercial. blasting

Many of these formulations evol1ved agents are composite oxplosivos, not

through trial and error in the field: very homogeneous explosives. Upon detonation,

few have been performance-tested extensively only a fraction of the material in the

-2-
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MeacLion zono is converted to reacted behavior Oich is ideal to within

products (mostly gaseous) in thermodynamic experimental error. A groat many com-
equilibrium. The remainder of the material plicationa can be avoided by applyiln

reactd over an extended time, resulting iin an equation of state to a material which
a lower but more sustaited pressure, This bahavon nearly ideally. Particle eite

is in contraot to a homogouaoua explosive and charge diameter influence the degroe

such As nitromethane, in whioh all the to which a particular formulation

vnreacted material in the reaction zone is approaches ideal detonation behavior.

converted to produots within a very short Thus we restricted out ohoice of

Lim as the shock wave traverses th0 explosive or blasting agent to those for

v to.ial. It is almost certainly a fact which the manufacturer's literature

of nature that no explosive is truly ideal indicated maximum ideality, (Ideality is

in its detonation behaviort however, discussed in greater detail in the

explosives such as nitromethana can exhibit section on equation of state,)

Explosive Selection

ANVO The prills are mixed with No, 6 diosel

fuel so that the resultant ANFO is 94%
E n,,, nitrato and 6% fuel oil by weight.(ANFO) blasting agentt. we those a prilled ..........-

The Gulf N-IV prills had a density of
,FO from Gulf,* NCN-100 blasting agent, 0.88 3/cm3, were coated with 0.43-0.86%

which consisted of N-IV-grade pri led
ammonium nitrate (AN) antd No, 6 diesel Kaolin to prevent caking, and had a mixture

of particle sizes.
fuel oil (FO). Recent work usinB this

material indicated it to be a reasonable

candidate. 1,2 Most asmonium nitrate prills DYNAMITE

on the market are similar, although some

contain an adductO to prevent the solid- There were several good candidates

solid phase change which occurs at 330C. for the stick dynamite sampler Du Pont

All prills are coated with an anticaking Red Cross 50% Extra, Atlas 60% rEtra Dyne-

agent and can be crushed to the degree mite, Trojan-U.S. Powder 60% nitroglycerin-

necessary to attain the dosirad bulk sensiti'.Cd nMaonia dynamite, and Hercules
density. Unigel. We chose Unigol because it had

more of the smaller ammonium nitrate parti-
*Referenes to a company or product name c-s than the other candidates, had a low
does not imply approval or ith t ohra de oa

of the product by the University of Cali- sodium nitrate contnt (sodium nitrate
fornia or the U.S. Energy Research & rduces detonation temperature, and there-
Development Administration to the exclusion
of others that may be suitable, fore reduces pressure), was a water-resistant

"Diammonium phosphate, boric acid, acd gel, and, as far as could be determined,

ammonlum sulfate. would continue to be produc.-d in the future.

-3-



NONALUHINIZED SLURRY BLASTING AGENT nnnIal slurry bl3.Ating Agent or slurry

For the nonalumininzd slurry explosive oxplosivoo wore thickonad by a gum gelling

or blasting agent, wg chose Vu Pont Pour4ex system aud by a high conco•ntration of

Extrik, We were interested in developing undisoolved Aolido. Tho Aquanal slurry

equation-of-ocato parameters for this vao aa emulslon, where mrcrookopic calls

relatively now product, whioh Du Pont o~forod of water und dissolved oxidizer salts wore

as a rcplacemant for dynamite. It contained suspended in a continuous medium of waxy

A 'mouomethyladi•a nitrate (H1M) sensitizor, oil containing dispersed air bubbles and

a substance not before widely used in this aluminum,3 Particle Gize was m1anin1lss

capacity. Oripinally we had wanted to try In this system, Unoenfinod, in 38.1-im

Tovax 550, but zhis it a stiff, almost diameter, this emulsion was reported to

solid gal; in order to easily load vdr detonate rcliably, with very high 'vlocitioa.
4ylinders, we switched to PourvoX F:tte, The performance was reportod to be 'Aunh

which ia the pourable equivalent of Tovox closer to ideal than that of the usual

S550. Because this product was a relatively aluminized slurry. flowevor, aftar rekoiv-

now development, obtaining the necessary ing this material we wera informed that the

proprietary compositional data was a long, preferred wax used in the eaulsion v'as in

4ffortfu.. process. short supply and that a nonpreforrad wax

had therefore been eubstituted,4 This sub-
ALUMINIZED SLURRY BLASTING AGENT stantially changed the performance of the

Wo seolcted Atiso Aquarial for thv bletrin esent-; AS vs describe in suOsO-

aluminiz3d slurry blasting agent. The quest sectiolkA.

Explosive Performance

Performance parameters wore obtained is a measure of the nonidaiity of the

from events recorded durinp detonation of explosive,

al explosive charge confined by nmorl. Aluminum spheres and copper cylinders

Detonation velocity and metal-wall motion were used as test hardware, The explosive-

wars masure. in scaled imtal-acceleration to-maol.r mauz ratio in the sphore tcst is

experiments in which explosive composition 16.2 times that in the cylinder test. The

and density were accurately known. Scalir& direction of propagation of the explosive

of the experiments was made possible by shock wave Is normal to the wall of the

changing charge diametor while maintaining sphero and parallel to the cvlinder wall.

a constant ratio of metal maos to explosive For those reasons, plus the greater diver-

mass. An ideal explosive will exhibit a gonce in spherical geometry, the sphere

nioitant rote of energy release over a test reflects the prO.RanUa hisLoVV primarily

wide ratige of diameters. The decrease in il the early expanslion nf the hiph-explosive

rate of energy release at smaller dianmters product gases. The cylinder test, on tihe

-4-



other hamd, providos a slowly eXpading Booster contoiner

System which is More donsitiVo to later Flake TNT

behavior, Table I tms arille t~he dimen-

alone of the precivion Wtal conthinors, AA

able 1. t hardware dimensiona. l

14oida Wall I
diamuter thicknaes Loxngth

Type (I) (MM) (n)

Cylunder 50,8 5,197 304.8

Cylinder 101.6 10•399 1016.0

Sphere 203.2 4,233

Sphere 406.4 8,467 E-W
-. .-- -- .--- detonator

-POX 9.404

The sphoor-toot container, shomn in S mm d94 m

Fig. 1, consists of a hemispherical ijottom Hemispherioal shellh aluminum, ASTM-6061-T6,

with a cylindrical top sectio., Thi langth density - 2.70 D/AM3 L> R
...... ....i2 What Stor than Inrtatoe rodlut of POX 9404 -2.54 cm

the radius of the he-m~iplore. The preciion

cover permtte acOurato positiolning of the Fig. 1. Sphere-tost hardware.

boostor cavity in the entfir of the humi.-

sphere. Tho void roining in the booster

cavity after the booster has beon inotalleod ata on, detonation velocity slnd dendity

is filled with flake TNT to provide an aor pcoented in Table 2.
approximate density match with the oxplo- To obtain motal-wall velocity, asch

sive being tested. recause detonation toot was ,'ilod by two streaking cameras

velocity wat not ,oaourod precisely in the and one framing camera The diagnostic

sphere test, an eatimnto was ris from arrangsetnt is shown in fVig, 3, Whln both

streaking-coamra records. atroaking-camora records vore of Acceptable

Both dotonation velocity and Matl- quality, they were averaged togother.

wall motion were meosured procisely in the Table 3 presents the radius - wall-

cylinder teat, The cylindcr-tost config- volocity hietorios of all shots fired in

urAtion is shown in Fig, 2. Detonation the series. Tablo 4 repraeonts the radius -

velocity w4s meAsured by obtaining timos time histories, All ohoto have beau sealed

betwoon measured sets of shorting pins, to a 25,4-itiw cylinder diametor or a 203.2-

TWo pin rings containing nix pine each m sphere diamotor by simple division.

wore located 215 rm apart on the 50.8n-m The larpor sphere and cylindar tests

(2-hu,) clainder and 457 ,in apart on the report~d hare aevl among the first performed

101.6-mm (4-in,) cylinder, at LIL. Because metal motion in thiaes

I]



1ýhb obtalood from an a~rgon carndle. A apecial
V CSD' -flaah tubo, with U light pulao aovarnl

milliaoeunda in duration, wea choano. Thie

chinng requIrod 4 oovari of dry-ri photo-

grapha to docora•nn lnn•-atop and filter

limitationa, The light intonaity from the

flash tube was inuoh lower than from an
aron candle, tor thin reasoon, film

eaulsiona of lower d6noity were tolerated
in order to mIxiki the sharpnesa of the

image.

Table 2. Detonation velocity end density
CD- of explosives aa toonted in oylinciv

and sphere experiments,

Deatonation
velocity Density

Shorttrn pins MIacerial Tout (mmis) (/cm 3 5

PBX 9404 A,.O 101.6-mm 3.890 0.782
25.4 mm Lt'- • ovtlider

203.2-m it, 7a 0.783

Plaonk•wav6 Ions ~h
n406,4-mm 5,31 0.782

.... ._ _______________ e phe ro
Ls•Idetonator UniBol 50.8-mm 5, 477 1, 294

dynamito cylinder

101.6-mm 5.761 1.262

Cylindert OFHC cop er, ASTM-.0187, cylinder

density - 0.93 g/cmT Aquanal ':O.8-rMv - 1.43
cylinder

101.6-mm 3.7MA 1.13
Fig. 2. Cylindlar-tast herdwnaro, cylIndOr

I'ourvex 50.8..N4 1,364

cylinder
e ahor tek place over a rolutivoky 101,6-Im 6,328 1, 36A

largcvndr
lonp period of time, Duo of the more impor-
tent now requiremointa for thece shote woo arotimntoe obtalnc,' from atro.tkinp-camora
A light sourco of longer dnrntton than could records.

I
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(20-1n. x 20-1n.
Wurntno mirror

turnirv mirvots

-.. - Shot 7 Argon candlo----,,, •
Aunker table _

I I
I'

0,02t4-Om ill

, • •expansion17

Lki Prontrva. treaklrt nt
comaro camnerasPitr

"Typkco| stroukngt-
Conmeto racord

of cylilndar shot

Fig, 3. Typical toot configuration.

Equation of State

To rwiko prodituive ca•lcultiono 'osgrd- onorgy of thcoo gnoan may bo exprossod Ao

ing the porformanco of an oeploeivo, it io a uNaction of their praoouvo and voluma.
neooo0ary to hnve a suitable oquation of 11%he expario•ntal acd calculationel rn•thodo

nrate for theo Raoous products of dotono- used to duvolop Ji aquaLiaii of ato for ci

tion. When tha equation of Otate of tho hiigh OpXlodlvo tare through11Y doncrib, At in

deatonation-product gaoena ia knowti, tho Raf, 5.1 -7-



Tatle 3. ROdt" wnli-O.81vttv 1atoTroS nt Cyltindemr and Olphero tost

! •.• 1o1.0-M -201.2-10 Aft AM& So~iA@1 i001.6-r 50. guo-, 101.0-M Po. uv ,o0,.-I

o ayllndor *ptit aphar[3 cyl A Ititle r yinder cylinderb cylinder cylinder Cy:lindar

6 0104 1.21 in 0~1? 1.03 .7A4' 0.996 0.99)
7 0. n 1.26.1 I.-6q O.2-2 1.0 0.771 1,014 1.000
8 0.7?AS 1.302 1.301 1.00ON 1.0$01 0.795 1.029 11013
9 0.76A 1.341 l.3l 1.010 1.016 0.817 1.041 1.020

lo 0.100 1.317 1.368 1.030 1.091 0.31 1.054 1,067
11 0.796 1.409 i, 1192 1j,46 1.106 0.0" 1.065 1,056
12 0.40 1.614 1.614 1.057 1.119 018.9 1.076 1 ,1051
13 0.B01 1,453 1.434 1,010 1.129 0.881 11005 1.0l1O
14 0.131 1,466 1.03 1.060 1.19• 0.90 1.093 1,089
15 0.939 1.477 1.472 1109a 1.14? 0.#1,7 1.090 1,405
16 0.83 1.646 1.491 1.099 1.113 0. 0 O 1.10 1.099
19 0.862 1.398 1.509 1.108 L.1119 0.41 1.1.O8 1.102
10 0.850 1.512 I.S7 1.117 1.1164 .920 i.111 1.104
19 0O,66 1.$20 I.$$ 1.123 1.111 0.9,19 1.113 11106
20 OM971 ),543 1, 56. 1,124 1,|16 0..93N 1.116 1,00)

32 1.8? 11,98 1.124 1.11? 0.914 11123 1.11%
32 1.613 1.613 1.196 0.90 1.131 11.14
36 1.634 1.641 1.10) 096,? 1.142 1.,;2
a8 1.511 1.209 1.160 1.138
30 1,692 11121 11130 1.144
3] 1,110 1.230 1.1M
34 I, M•
IA 1,133

aOO-so ond 101.6-0" c',liade t'sts have boon scoloft to 2.54-m cylindor toathl 46.4-is aphere teots
have "Oil galead to '203.2-rn ephato teots.

hA low lovel of ronction vyou oborvd It thu• thst. IWall aotion was voerv *lv.

It muiit ho notod tlint moot OnUatione A modal w~hich~ more correctly ginocribon

of stato apply to ideal dotonotiona. An tile detonation porformaneo Af a composite

mnntionod heoro, a composite nonidoal explooivo io a tima-dapolident onea com-

Oxplosivo deotonates itlouch a way ;is to hininp tha fnat initial roaction and the

convert only a fraction of thie Toctanto *low nonideal ro•ation. 6  This •may be

in tile reaction zone to producto in a emall acated no

time ocalo. The romaining material roacts

more olowly (over many microsecond*), with p - { O - I r I (VE) + F() f 2 (V•E) I

reaction pothw•ya coujilicatod by kinotics,

t raiiapt rpontomonn tonioftt IbAlinr

Soomatry. '!h dotolantion i. not truly whUr._,, p W proAuura,

oteauy. Difforcnt dotonation volocicioa V - volumo of P'zoducta/volunro of

way be dotoctad at various points along undetonatod explosive,

the detonation pathway, Tito nonidoal

detonation of composite explosives atill F - enorgy containod in cnmposi-

ti1o1 at hand,
qualifico a. a detonation booauae it in

ifliock-initinted and the exploRivo reaction f, " equation of otate for feet

rropatatnO thO 6lhook, initial roeAction,



-Table 4. Radius - time histories of Pylinder and sphere tests. 0

Time (is)

ANFO Unigel dynamite Aqusnal Pourvex
R-R0 101.6-,m 203.2-mm 406.4-mm 50,8-mm 101.6-mm 50.8-tra 101.6-mm 50. 8-mm 101.6-r
(mm) cylinder sphere sphere cylinder cylinder cylinder cylinder cylinder cylinder

6 11.180 6.136 6.129 8,127 7.633 11.292 7.364 7.584
7 12.580 6.942 6.931 9.158 8.608 12.611 8.358 8.592
8 13.940 7.722 7.707 10.166 9.561 13.889 9.338 9.585
9 15.265 8.479 8.462 11.158 10.498 15.129 10.304 10.564
10 16.560 9.214 9.200 12.136 11.421 Vf.338 11.258 11.530
11 17,829 9.932 9.924 13.100 12.331 17.520 12.202 12.483
12 19.075 10.635 10.637 14.052 13.230 18.679 13.156 13.424
13 20.301 11.327 11.339 14.992 14.119 19.822 14.061 14.355
14 21.510 12,012 12.032 15.922 15.001 20.951 14.979 15.277
-5 22.708 12.692 12.715 16.844 15.440 22.070 15.891 16.193
16 23.895 13.367 13.390 17.758 16.747 23.181 16.798 17.105
17 25.074 14.037 14.057 18.664 17.612 24.282 17.702 18.013
18 26.242 14.702 14.716 19.563 18.473 25.374 18.604 18.919
19 27,400 15.360 15.367 20.456 19.330 26.455 19.503 19.824
20 28.552 16.010 16.010 21.345 20.182 27.526 20.401 20.726
22 17.285 17.435 23.127 21.875 29.639 22.187 22.527
24 18,534 18.521 23,553 31.726 23.961 24.313
26 19.769 19.744 25.220 33.800 25.722 26.086
28 20.949 26.879 27.467 27.848
30 22.139 28.525 29.206 29.601
32 23.314 30.156 30.945
34 24.475
36 25.623

a50.8-mm and 101.6-mm cylinder tests have been scaled to 25.4-mm cylinder tests; 406.4-mm sphere tests
have been scaled to 203.2-mn sphere tests.

bA low level of reaction was observed in this test. Wall motion was ven, slm,.

t 2 f equation cL state for com- \ In the past, a nurber of equations of

pletely reacted explosive, state were proposed to describe ideal

F(t) - a time-dependent function high-explosive behavior, but attempts

expressin- the fraction of to use them to calculate precise hydro-

completion of the slow dynamic experiments proved unsatisfac-

reaction. tory.10 'I This led to the development ofth epiialeqatoctfereoons.h

We refer to this as a two-component, time- the empirical equation referred to as the

dependent model for composite high ,J-W-L equation of state.10 It describes

• explosives. the pressure-volume-energy relationships

If composite explosives arc y of the products of detonation. The formIf cmposte xploive are carefully

chosen so that their behavior closely of the equation is

approximates "ideal" detonation, then the

performance of such explosives may be

described by an equation of state like p A(- W \e-'IV

those in Ref. 5 developed for "ideal"

g materials (i.e., a one-component model),

and use of the two-part equation may be + / Be-R 2 V +1-WE
avoided. k -2V)

-9-
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where A, B, RV, R2 , and w are constants, saying that the derivative (slope) of the

and V is the relative volume v/v0 , the adiabat is 0D2

ratio of the volume of gaseous detonation

products to the voluum of unrLacted explo- m DO2 (_V2 ) (5)

sive. As can be seen by inspection, at a 0

large V (such as 10) and low p, the first F____lare V(suh s I) ad lw , te frs _ R2 - C (W + 1) (_V2)

two terms diminish in importance and the Aj e t  
- BR 2e - V+1) 2

last term dominates. At high p, near thle

Chapman-Jouguet (C-3) pressure for the Equations (1), (3), and (5) allow us to

explosive, the first term dominates, and determine the coefficients A, B, and C for

at intermediate values of p and V the a given choice of RI, R2 , and W using

middle term dominates because of the experimental data D, E, V.
relative values of RI and R2 (4:1). All of these necessary experimental

The equation for an aliabat (isentrope) data are not always available. For

is given by example, accurate calorimetric data are

often difficult to obtain because the

PS a Ae RlV + BeR2V + -C-- (2) calorimetry must be done on a small scale
and may not reflect the true reactions and

where C is a constant.
ex~ergy output of a larger sample ofIt is assumed that a strong shock wave Sexplosive. Thus the energy is calculated

passes through the material, heating and by using the heats of formation of the
compressing it, causing complete reactiln

components.

in the region directly behind the shock Another type of experimental data
AnotherTtye of expermeetaltdat

wave. Tile Hugoniot equation often unavailable is the C-J pressure.

(E - E - 1/2 (p + pO) (v0 - v) - 0 (3) The C-J pressure must therefore be eati-

mated. This is done by using the equation

(the subscript zero refers to the unde- 2

tonated explosive) defines the Hlugoniot 0

locus and defines the thermodynamic state PcJ - r + 1 (6)

of the detonation products. The C-J condi- where the density ( ) o f d
tin d n the detonation (i.e., a point detonaed

tion def (ieoniotes explosive is measured, the detonation

velocity D is measured, and r at the C-J

S (P - p0 ) point is assumed to fall in the range

=v V0 - v 2.7 to 2.9. This approximation is found

to hold true for most CHNO-type explosives.
This is usually assumed to be evaluated at A few comments on the value of r may

equilibrium composition of the product be helpful. In an adiabatic expansion of

gases. gases, r1 -(( in p)/(O in V)]s, and this

From the C-J condition, the sic e of value of r is by no means constant through-

the line tangert to the C-J adiabat at the out the expansion of the gaseous products
2C-J point is p0 D2. This Is the same as of detonition. Initially the value is

-10-



large: i.e., there is a large increase in Thus r - 1 w. Now r - - in p)/

pressure for a slight increase in volume, (0 In V)3S, and this value approaches

When the gases are at higt. pressure, as in C p/Cv as the behavior of the gas approaches

the initial stages of expansion, the ideal gas behavior (say at V > 10).

repulsive forces between molecules.
12 6[(I/r ) - (I/r ), according to Lennard- To use the J-"-L equation, an initial

Jones] are especially important. These guess is made for the nonlinear coefficients

forces diminish rapidly and the inter- RI, R2 , and w. Experience has shown that

molecular potential changes curvature with for explosives containing elements C, H,

increase in volume. The value of r shows N, and 0, R1 2 4 and RL - 1 and w has a

a net decrease between the initial volume value between 0.2 and O.4. For the explo-

and some later large volume. sives described here, p zj wAs calculated

However, for an adiabatic expansion from Eq. (6). The streaking-camera records

which has been matched to experiment, the enabled the determination of relative

pNot of r versus V has two maxima.10 The energy delivered to a metal cylinder or

f.. st maximum seems to occur at a volume hemisphere wall by the expanding products

correspor. ,ig to that of the high-density of detonation. This energy was proportional,

product gases if they were an actual solid at each given volume expanrion of gaseous

crystal lattice. The second maximum has products, to E0 - E, where E0 was the

r not yet been satisfactorily explAined.

Since at large Y -'aons the gases

behave more nearly .iLy, the quatntity

0-[( In p)/0 in v ould approac& a

limiting val,,p C , C' *For a monatomic gas with only translational
degrees of freedom, Cv - (3/2)R. If Cv

In the 1 -L equ.•t I of state, at exceeds this value, then the gas contains
large volur .. is and consequently some form of energy in addition to trans-.

lational. The equation for Cv in terms
lowI st term, wE/V, dominates of R is
the behevloL aus functions as a

polytrooic gas equation of state. The CV . (3N/2)R

polytropic gas equation of state is given where 3N = nunber of degrees of freedom
possible in the gaseous species, and N =by nupber of atoms in the molecular species.

Using the equation

p. (r - 1) (7) r.
¥ • .(3N,12)R + R

'J (3N/2)R '•

Where again E is energy per unit volume and

V is relative volume (v/vo). The poly- one cai., see that, the more atoms per
tropic gas equation applies in the case of ( the cloer is approaches 1.0

an ideal gas (or a Teal gar low pres- mixture of gaseous products of detonation
whe'ee the gases are triatomic and diatomicsures). This means thet at ]ieast, a r value at large expansions of

1.2 to 1.4 is reasonable. Since P becomes
E WF w 4 1 at large expansion, the value of t
Vp is necessarily from 0.2 to 0.4.



II
total available energy of the undetonated Hlydrodynamic calculations of the metal-wall

explosive. E - E was evaluated from kinetic energy were made at each of many

V and E0 - E pairs. The coefficients Rio

AeRl r 20 and w were systematically adjusted
E - E0 R- until the metal-wall velocity at each V

and E0 - E was in agreement with experiment.

+Be-R + C_ .0 * (9) Typically this was done with one or two

Siterations.

Results

J-W-L equation of state e.oefficients only. Its nonstandard performance in these

are listed in Table 5. C-J pressures were tests is attributed to the fact that the

estimated, and the energy (EO) values were preferred waxes essential to the emulsified

calculated by using the composition as given nature of the material were no longer

by the manufacturers, assuming equilibrium available and more ordinary waxes had beenS~4
among the detonation products. The detona- used in manufacture.

tion velocities were measured as described. On the other hand, Pourvex Extra

Figure 4 shows the energies of the behaved as a homogeneous HE in our experi-

expanding gases relative to the energy of meuts. The 50.8-mm and 101.6-mm cylinder-

nitromethane. This relative energy is test results were, when scaled, within

obtained by comparing the squares of the experimental error of each other, In this

metal-wall velocities at given expansions. case, the use of the one-part (ideal)

The performance of Aquanal did not equation of state was clearly justified.

conform to the manufacturer's claims of The scaled cylinder-test results for

high detonation velocity and stable detona- Unigel dynamite did show the effect of

tion propagating down to 38.1-mm charge diameter on detonation velocity and

diameter unconfined.3 In fact, the Aquanal on energy delivered to accelerate the

tested did not sustain detonation at all metal wall. The 101.6-mm cylinder had a

in a 50.8-mm (2-in.) copper cylinder. For slightly higher detonation velocity and

this reason, the cylinder data on Aquanal higher energy, even though the loading

are from the 101.6-mm (4-in.) cylinder densities were identical.

The ANFO, as expected, was much lower
*The equation for E is simply the integral in energy and detonation velocity than

the other explosives. Its behavior was

E - PdV - 1e-RV + Be-R 2 V + C dV much less than ideal, and, as can be seen
L from the scaled sphere-test results, the

Ae"RlV Be-R2V C detonation velocity was greater in theS+ +
R1  R2 COVW larger charge diameter.

-12-
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Wall expansion (R - RO) - mm

Fig. 4. Cylinder-test energy results relative to nitromethane, scaled to 25.4 mm (I in.).JI
Both the UnIgel dynamite and the copper-cylinder test produces significantly

ANFO, therefore, displayed the nonidaal more (35%) delivered energy than the rather

behavior of a composite explosive. Com- lightly confined sphere.

parison of the sealed data shows that the
error introduced by using only a one-part eno ceh eo easure the ultimate performance,

(ideal) equation of state is small in the and since only one cylinder size was tested,
case of Unipcil. In fact, the error in adsneol n yidrsz a etdit would be premature to estimade a two-
delivered energy for Unigal, comparing the
scaled experiments, is less than 5%. phase equation of state for ANFO. We are -

scald exerients is essthan5%.conducting a series of large-scale

In the case of ANFO, comparison of mondecti n a s rof lrecale h

the scaled spheres showed a difference in obas nts n a ta fr i pe to

delivered energy of only 1.5.obtain the necessary ata for a precise
two-phase equation of state.

later shown to be misleading, but it was

on this basis that a preliminary estimate For estimates of ANFO performance in

of the equation of state was made. Two- heavy confinement, as in the 101.6-mm

dimensional hydrodynamic calculations copper cylinder or in a blasting hole, we

O(UfT code) for the 10.6-•m cylinder have have provided here a one-part eqnation of

now confirmed our earlier auspicions that, state which yields the measured energy

in fact, the heavily confined 101.6-mm delivery.

-13-j



Table 5. C-J parameters and J-14-L coefficients,

Aquanal Pourvex Extra Unigel ANFO

PO (g/cm ) 1.43 1.36 1.262 0.782

p (Mb) 0.055 0.130 0.120 0.055

D (m=/Is) 3.7 6.1 5.76 5.0

SE0 (b.m 3/M ) 0.055 0.045 0.051 0.029 a

r 2.559 2..893 2.49 2.554

A 0.9123 3.2207 1.907 0.7519

0.00407 0.07769 0.0758 -0.008175

R1 4.4 4.7 4.4 4.1

S1.0 1.4 1.4 1.25

S0.16 0.16 0.23 0.44

C 0.007456 0.003241 0.00627 0.0117

aBased on energies of formation of the calculated (TIGER) C-J detonation products. Since

the products are principally H20, C0 2 , and M2, the value for E0 is a reliable estimate
of the total available energy.

Conclusion

Detonation tests were made on four used here was a one-part, time-independent

types of composite explosives or blasting one. In all cases, except for ANFO, the

agents: Gulf NCN-100 (ANFO), Hercules Unigel use of such a one-part equation, which

(dynamite), Atlas Aquanal (aluminized slurry neglected the slower reaction of a fraction

blasting agent), and DuPont Pourvex Extra of the reactants in the explosive, was

(nonaluminized slurry blasting agent). justified on the basis that the error

Detonation velocities and cylinder or hemi- introduced was not sufficiunt to warrant

sphere metal-wall expansion rates were the difficulties encountered in using the

measured, detonation pressures were estimated complete equation. The behavior of ANFO,

(on the basis of cylinder-test data), and however, was sufficiently nonideal to

energies were calculated from the composi- warrant development of a two-part equation

tions published by the manufacturers. of state in the future. A one-part equa-

These C-J detonation parameters were tion, sufficient to describe ANFO behavior

used to determine the adjustable coeffi- under heavy confinement, was provided for

cients in the J-W-L equation of state. use in the remainder of the Army Corps of

The form of the J-W-L equation of state Engineers' program.

-14-
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? l Iukm t ~ ttitle I'v l "10411f ffiieuttt late) I to 11 Allva lu 0141

11110444k um (i (1#111 list Olt (u/ti 41%, 4tttlf (taut) " Iutu AN t it ) mI

frID~ ikito 0-9) I.)). 61444~t 11OW titlli to

3140,44 tn 10 bi..) 410 a tillsltl

mi.ks 46061e0i1il 0 4

Main rrikill 0111 C.IS a.10 blaill 1)44 pt.110 it
p41). #1

t Ittt 1.01 heliis 1114 tO 49ita it.~ & 4

Malta it) mallIi I

ltiiaI 0610 011 4,9 t t ile)l )mt to Ilk voths at

0.111

11.1(1 sAw 1 . lo 1 i ),4, 3

I"I 0.41 #Aa eia, I It. U%,,.. 01 Vi1

NIt-h .l l 91ta -&14l 3-M* It 41
Uto) 1)*.14 vo.4t I43 ?fill&

WA-t 1,11 .100,.

I too" 1b ).1$ At I.o- t4S.1

ti..0 34610 II is 4 ilt

Sill 
"ltea
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Table A2 (continued)

Large

U diet,
'._ 1-4occot bub-l to.)h
SoUred iosded Particle detOittion netonation oble Blatght ulk
dde.aIly densiy doolsy Particle Fool Icvlty pre.csue t.ot e. Ty Surface Form str•geth strength

Product A (n/c ) (C l ( -Ise••ni)pe oil (W/.) (kh) (ealII) fel/gi) coottnt o f AN () (M)

MCN-00 0.9 39)0 34(10) 60 425
(0.30)

IMI-Pe,10 0.907 3900 40

Na 50-P 5 It 1.07370 3

SiH-509 1.07 1620 0 B
NCN-510 1.15 WO? 36 $59 648 _

i K-515 1.15 0500 is 672 656

eoe Pak 1.15 35- peit.
NCR SIB + 0.75 4000 28(20) 650 400
bulking agent (0.50)i

M30 0.6lo ill

Wsth

tZ prill s
H-Pow" 100 0.90 Diel .. 900 34 E-2

grlill

100I0

Xl•-tPk 500 1.00 Diesl 3600 IE-2 prill.

t H-?k 600 1.00 Diestel 05f0 Z-2 prilll.i-

F trills 6-16 11 Prill,

molh clay

'erillc cade by Phillips, daot given for petlls with 6 fuel oil added.

0,it for oedergrcq.id oc peessatto loading.

0Por under&eeued o...SdNt ptpeulce is lectern, U.S. Avoiloble in earteidge Pock for Uce in vet environuts.

tecipatton CYO -ans opuct.l noevolatilt oil.

1ceod fee ozdaeoeowo .. c,

I Iilll cyoltie at cpprnoinately 32"C. not phase 9 absliced.

cill cot a ..oe fuel coil lth.,t r.Ouhl:g; Is phlse stillizted.

Ii
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Table A3. Hetallized .WqPo.

I

Large

toued neckedll v~tol a•-t ani
totawed pF nd det oattlon DetotlAon lobbll. vight Bulk
6"Viy dmn.1y Particle Ctot•t ?Io. "Iscity preofure 'tot aMrgy Sufae. fPorm str•ngth .tvongth

P-o4oct .6 (S/c8') (miss') el. (2) Typ oil (.11 ) (kh) (eal/$) (cal/a) toetini of .A4 (2) (1)

Pollit. CULS 0.92 6 Al Disall mo0 27 1176 306 Crushed
001 AN: At v0
9111tt RDAL: 1.10 6 At Di...l .',!20 5U L12 321
62 AR, 0x AN
42 tO, 4? A-

Tto.lt-.S. roesder

Axm1-o1l 60 1.20 Al 45o0 70 65
AluSiItol O l.2 Al 4200 65 65
Alualtol 30 1.15 At 3900 60 50

Texprel ) 0.95 5 Al
alloy

Tempest 6 0.95 10 1

Tiprat 9 0.95 15

Tomprol 12 0.9S 10
To#t.l 15 0.95 20

1Waemto
H-fovt 0,90 Al Die...1 200 39 E-2 plille.
400 (At) 02 100%

crushed
HWToer 500 1.00 Pa, Diesel 3600 32 V.-2 polll.
(7*, p04) PO4 42 1001

"-.ow 6o 1.00 At DteO61 4150 42 F*2 prill.,
( At + is + toe, 02 1002
?0,) P04 crushed

IT 2?lA 0.8 Dies 390C Crushed
02 pritll

"Hr 202A O0. D~iesel )750 Cy-h~d
A12 prille

H? 214A 0.9 D1isal 4050 crtwd
02 prill@

Ki? 1204 0.9 Dismal 5600 Crushed
82 pr•-l.

-24-



lb

Table A4. Slurry blasting agents and slurry explosives.

S in. diat,
mconfineL l4ate- F'Ictlon
detonactM nation 9hbble ltract rriction Weight CartridSe

Density velocity pressure 4 tot enerky Water 30-cal Pendulm Shipping strength strength
Product nmae md contents (aiim 3

) (0/s) (kb) (mulgS) (cal/i; natal Resistacce bullet Test class (2) (2)

iragal

$'S 3164 1.20 3870" xtcellent

Ms 346 1.22 zo90ob Elcellent

St 376 1.25 3990l Excellent

$ 4806 1.27 4095b Excellent

SH. 43 6 1.29 4260b AI tc.wallent

eSt 476 032 43201 AI(170) Excellent
SMS 616: A4, FO, Al

SMS 646

$SM 676

335! rA . H60 1.20 3870 Al Excellent
ctrbooscoG ful

tz- fuels. Suar

3r5: 0 1.23 3930b At Excellent
375 : "1 25 -)990' At Excellent

05: " 1.28 40950 A Excellent
455: 1 .33 4260b AI(16%) Excellent

724-P : perehlorate- l4,0, 102 Eellent Fail
fieftitised 

4
Ire-tte 40 1.105 4205d A Exellnc Ad.

-Ire6et. 0 1.1 ý5 At E3cellent A 60

6Iteite 10 1.14 3690 81 e0 Aellent A 0t ve-x-F 1.52 59SO Excellent

owkeltsae pmdmr

itetol M•-220

$1urran: Alt, AN, HNr•

-60.% 1.15 4130 572 M3 At Oxid.

-609 I.1• 3940 812 560 A1 OWd.

-610 1.30 4100 535 3M0 Al Oxid.

-615 1.30 4007 600 383 Al Oxid.

Siorran: HE-
sensit ized WCN

-900 1.15 4100 514 338 HE

-905 1.12 4040 639 320 rl
-909 1.15 3850 638 M$ UP.

*910 1.30 4U.O 470 313 |HE

-91.5 1.30 4300 61.• MP HE

Toelack-fi: 1.30 3710 M! 559 At Delta.

A ttlast
.4quaram: MN(. AN 1.2 5450 90(95) 639 359 Fell Fall q•xd,

Aquan.al; NC1,,AI 1.2 5450 90(93) 866 309 Al Fall Fall Oxid.

quaflo: MI, AN 1.35 5750 120 649 146 Vail Fail Oxtd. 45 50

To..x

100: tHWd- 1,10 J500 95 800 Fll A

aeunltiaad.
small dina

-25-
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Table AA (continued)

'10

S In, diem
unconfined bsto- Fr..tion
date"tin nation nubble i"Pact FrIcqtion titight car tridge
neqiv vlocity psurae t 0 nW atar 3-cal Pendulum Shipping strength atridgth

leodurt ueas and ceetnte (a/c* (sk.) (kb) (callu) (eel/b) .'.el teeietaer bullet Test clams (I) (2)

Du Pont (ceatiumua)

loves (caitinual)
o240. aMAe- 1.10 Ago, 100 t0 faill A

eenuitiaed,
esmll dias
500: WIA*- 900

sensitiged $
550: Umm- LOIS

600: 0" - 1136
aeneltited

Tovs litare, puV/lpk 1.37 6100 103.6 672 Fell B
atger pS

Tov.x ixtrT A-I. pWW/ 1.37 $065 105.5 049 teil 0

Pourvex Zaire 1.33 6004 97 678 Fail a
poorable gel
Nitroven

1O0, M PUPRP 1.05 4'613 50.7 AN9
wetor Set

rater e1e: Al 1,07 4)22 $4.9 696 Al

300 M•4 pa
gater : Al 1.11 4921 62.0 067 Al

T" .PW,/ha~ -1. l5 12 691

lovee otita, pup/
pkb water gel

A-1 1.11 1345 74.0 874 At Fail 1
A-2 1.15 5317 77.0 1056 Al Fail i
A-3 1.15 5240 75.0 1279 Al Fall a

EL-799, small-diemi gel 110 4100 749 Fail A

tt-799A. aell-diem l.1i0 4400 906 Al Fall A
Bel

Mt-80S. irrea d.- 1.20 1-5Io 761 Foil Adram water gel

ML-605A, Intermd.- 1.25 ii0O0 961 At Fail A
diam. Al. eater gel
L1L-808. interned.- 1.27 1,008 1171 Al Fail A
diam, Al. water gel
IL-SOC, latead.- 1.30 55008 all Fail Adism watetr gel!
11-605D. Iniermad.- L.35 454Q6 1402 Al Fail A 4
diem. At. water gel
Ia-75J, ellmal-diam 1.25 5250d 692 Fail A
PgOP water gel
EL-816 perisdsiblas,
1-in. diem

Ti-..powder 1.5 6Trojol

W S-7! W10 1.45 6000 50 Sh 1

US-? LV: HCI, 1.45 6000 so so
I ,s . Ieretrlow fee moityI

WS-10: 0CM 1,40 6000 s0 s8

Ws-Ul: Al, M•4 1.50 6000 125 65 75
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Table A4 (continued)

S in. doia
uncOifinea Beto- Frietion
detnat ionl notion Bubble ipact Frittiol, Vlesht CartvidRe

be~d' V proeoreo £tot 301Wtet ]0.c p.ndulum shipping strength straeitth

Protet name ana Conteute (%IC 04) (NO) ( (aiLS) (cal pihl1 Beat e bullet telt ,1415 (1) (1)

bltreuloe

1HP-222: 16•5 Al 1.10 4200 60 1035 514 Al HE
(1.60) (4)00)

HP-2111 HCHi 1,10 4200 5S 893 650 HE
(1,55) (4270)

IIP-225: SCH 1.10 4200 Hi

Flogol HO: A4 1.00 5130 1 5s7 286 Fall

F1og011 Al 1.60 500) 69 700 350 Pail B
(1.40)

Fllgel AN 1.40 5250 s0 621 314 Fail B

-0os.l A1-2: NiCH, AN 1.40 5000 70 707 357 5

DO,

M1-80-5, NiCH, Al 1,10 AM1(5)

14S.80-10: 0H1, AA 1.10 Al(100)

HS0-8S0IS tiCNS, Al 1.10 AI(I1)

HS-80,0: 40t 1, A 1.10 A1(201)

M.-80-25! SCNi, At 1.10 AI(251)

0•.5-0-30; N4011 Al 1.10 A1(300)

-.,e letters $"S .,fmidfo si.tul-l;ad Slur'ry.

b 6-Ln. diameter, euncon'led.

3-4n, diam ter. unconfined.

C3*1 lao eter. antonfioad.

eVer hMph r.arpy; costly; for testing only.

fl-IJ4-in, ditatar, uut~onfintd,

g2-114-1n. diameer, unconfined.
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U Table A5. Dry blaetinc g &snt.

5 in. dim
'me fitted ,, Prietion
detonation Detonation Bubble veight Bull impact

VWis Vlocity pressure tot onargy $hippts Otrangth Strength W-calproduct As" end ~ontents (*ksaJ Nt/0) NO (Col/8) (©4kl/l) metal c:lose M• (2) bullet

AlOuvts 1. NCR, AN, At LOS 5583 77 1079 Ostd.

LAluvita 2: " 1.12 5627 86.8 1404 Oxd.

Aluvite : 5525 78.3 1078 Oxid.

'ittraow So 1.0- *0b. 31S1.40 354or 42SHitramm S-M d

Hlrcules
Dynatet~ D,: WT. AN,

coal, fuller's earth

DynlktnX BI-I•l 1.07 3000 23 486 243 HCO FailIIt AN.L, •N 1.07 2400 14 28'M Fail
Tritex WR.= M, DNT 1,07 2800 20 WC Fail

"littex 2: W&N fottro- I,16 Y0 22 578 26 •NO 55 40 Fail
silicon AN!, ONTP

\ ibrcnitb B Seistac: 1.15 3360 607
coal, W.I, AN

VIbronhtt 3 $SiaMIc: 1.17 4140 730
coil, Al, AN, fUller.'
tarth, 1V4T; high

Vibronite S Selseto: 1.17 ,5660 607
AN, coal, POT,
fuel oil
Vibrooito S-I Seletic: 1.17 4320 643
MI, Al, ONT, fuel ill

Atlas

Pgstea;i: D1T, AN, 1.15
coal. Ca estarate
Preatex A; ease as 1.18
above, NG-ensItsiled
Clanite Dt WII?, 1.05- 2460f 16
AN, coal 1.10
Gianito D)-1: DNtT, 0,90-

AN, coal 1.02
Gianito Wi•81 Mr". 1.05- 2460f 16

AN, coal, guea, 1.10

Troin-tUS. Powdar

40 Wf.: nitro starch 35 4 0h 40 40 Fail
SI 366 0h 50 50 Fell

604R: 378 0h 60 60 Fail

70UR: " 3990 70 70 Tal

St~mlng Nitro Starch 28 50h 20 20 Fail
trojenite A: 3000h 68 so
nitro starch
Troja it A., 2850h e68 36
nitro otarch

Trojanite C: 2 70 Dh 68 26
nitro starch

-26-
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Table A5 (continued)

5 in. dtsm,
unconfined F~riction
detonatlon Oetonation Weblg 0~aiht Bulk isat

uisty ty velocity ptossure taot on ry .,Ippiq trangth atrength 30-1al
Product nme and coitenta (t•/•v 3 ) (q./) (kb) (cal/s) (cal/g) Metal class (M (2) bullst

Tre.1anU.S. Pa der

Trojel 75: 5100 Al 60
nltro starch, Al

Trojel 7SA: 5SS50 Al 65
nitro starch, Al

Troioax OS: 5850 62 g0
nitru stitch
Tromnx 75: 5550 53 70
nitro ,tArch

Troinax 63: 4500 55 5B
nitro starch

Tromnax 5S: 4350 58 55
nitro starch

4ro"I( 45: 3600 60 50
nitro starch

Trom V 95; 1.66 6150 155 70 93
nitro starch

H"Gean-to

MiN 102 %91 4650 t 920

BCN 602 1.05 5400 76 1QO0
ONc 606 1.20 5700 1100

H.Powr 100: AN .90 3900 34 Al

-H.Powr 400: AN, Al .90 4200 39 Al

H*1owr 500: AN, 1.00 3600 32
Fe, Po04.4-Powr 600: AN, 1.00 4050 41

Al. Fe, Pa

e1or meismic prospectinR, cannad.

b2 In. dinmetor.

e2-1/2 In. diacoter.

d For seismic prospecting. canned; strongor thrn Nitramon S.

0Has high-explosive charge. in nose.

£3 in. diameter, unconfined.

8
C¢n be easily dead-pressad if packed too hard,Sh1 -1/ 4 In. diameter, uncontined.

Gh-/gw
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